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Oxazine: an anchoring group serving as functional
kernels to construct single-molecule switches†

Shi Li,a Yuxuan Jiang,ab Yudi Wang, a Dongying Lin,a Haoyang Pan,ac

Yongfeng Wang, a Stefano Sanvitod and Shimin Hou *ab

As a central research target in molecular electronics, molecular switches have been extensively explored

over the past decades. We theoretically demonstrate that when linking appropriate conjugated

molecules to carbon electrodes, the de/rehydrogenation of 1,4-oxazine linkers efficiently switches

single-molecule junctions between a low-conducting and a high-conducting state. This change is

attributed to the modified energy gap of the central molecule as well as the charge rearrangement at

the molecule–electrode interfaces. Based on the above findings, a single-molecule junction, employing

an intramolecular proton transfer reaction as the switching mechanism, has been proposed. This realizes

a maximum ON/OFF current ratio as high as 1.5 � 103. Furthermore, we show that an electrostatic gate

field can control the proton transfer process and thus allow specific conductance states to be selected.

Our findings provide a new perspective for the design of single-molecule switches relying on the

anchoring groups rather than on the specific molecular backbones.

Introduction

Molecular electronics seeks to make full use of the character-
istics of molecules to design and construct functional devices
with the long-term goal of providing an alternative to
traditional silicon-based technologies.1–4 As one of the key build-
ing blocks of electronic circuits, molecular switches interconvert-
ing between a high-conducting (‘‘ON’’) and a low-conducting
(‘‘OFF’’) state have attracted much attention over the years.5–7

Two core issues in this field are how to construct single-molecule
switches and how to efficiently control their electronic transport
characteristics. To this end, various molecules with bistable and
multistable states addressable via external stimuli, such as an
electric field,8–15 light,16–24 pH,25–31 or mechanical forces,32–36

have been intensively investigated. For example, as typical photo-
chromic molecules, azobenzene derivatives are able to isomerize
reversibly between the cis and trans conformations under light
irradiation and have been incorporated into single-molecule
junctions as photoswitching units, realizing significant tuning
of single-molecule conductance between the ‘‘ON’’ and ‘‘OFF’’

states.37–41 To the best of our knowledge, most of the studies to
date have focused on the central molecule of a junction, while
little research has been conducted to explore the potential of the
anchoring groups. These link the central molecules to the
electrodes and they may possibly work as switching kernels.

The 1,4-oxazine molecule and its derivatives (Chart 1a), like
phenoxazines and dioxazines, have sparked much interest owing
to their numerous applications in the fields of pharmacology,42–45

photophysics46–50 and material science.51–55 Notably, the H atom
bonded to the N atom in an oxazine ring can be controllably
removed and re-added under certain conditions, introducing
impressive flexibility to the molecule’s chemical properties.56–59

Herein, we investigate the electronic transport properties of a set of
oxazine-linked single-molecule junctions with carbon electrodes by
employing the non-equilibrium Green’s function formalism

Chart 1 The optimized atomic structures of the isolated 1,4-oxazine (a),
M1/M1dH (b), and M21/M22/M23 (c).

a Key Laboratory for the Physics and Chemistry of Nanodevices, School of

Electronics, Peking University, Beijing 100871, China. E-mail: smhou@pku.edu.cn
b Centre for Nanoscale Science and Technology, Academy for Advanced

Interdisciplinary Studies, Peking University, Beijing 100871, China
c Institute of Spin Science and Technology, South China University of Technology,

Guangzhou 511442, China
d School of Physics, AMBER and CRANN Institute, Trinity College, Dublin 2, Ireland

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc03720g

Received 12th October 2023,
Accepted 3rd January 2024

DOI: 10.1039/d3tc03720g

rsc.li/materials-c

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 0
3 

A
m

aj
jii

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
6/

07
/2

02
4 

11
:0

6:
13

 P
M

. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-5645-6195
https://orcid.org/0000-0002-8171-3189
https://orcid.org/0000-0002-5042-4405
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc03720g&domain=pdf&date_stamp=2024-01-17
https://doi.org/10.1039/d3tc03720g
https://doi.org/10.1039/d3tc03720g
https://rsc.li/materials-c
https://doi.org/10.1039/d3tc03720g
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012006


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. C, 2024, 12, 2194–2202 |  2195

combined with density functional theory (that is, the so-called
NEGF+DFT approach).60–64 This choice of carbon electrodes, gra-
phene and single-walled carbon nanotubes (SWCNTs), is moti-
vated by previous experimental and theoretical results
demonstrating their advantageous applications in the construction
of high-performance single-molecule devices operating at room
and even higher temperatures.65–70 Our calculations show that, by
connecting an anthracene molecule to graphene and SWCNT
electrodes, the dehydrogenation of oxazine anchors triggers the
switching of the investigated molecular junctions from an ‘‘OFF’’
to an ‘‘ON’’ state along with minor alterations of the junction
geometry. This dramatic conductance switching effect is mainly
attributed to the reduced energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the central molecule. Importantly, the conduc-
tance switching property of oxazine anchors is robust with respect
to the curvature of SWCNT electrodes and moderate structural
modifications of the molecular backbone.

Furthermore, based on the above findings, we have consid-
ered a molecule with two oxazine rings as well as a triazetidine
moiety (Chart 1c), which enables three stable tautomeric forms
through intramolecular proton transfer. The molecular junctions
incorporating these tautomers exhibit profoundly different low-
bias conductance, realizing a maximum ON/OFF current ratio as
high as 1.5 � 103. The intrinsic reaction coordinate (IRC) analysis
suggests that the relative stability of the tautomers as well as the
energy barrier for their interconversion can be controlled by means
of an external electrostatic field, a feature that allows the specific
conductance states to be selected.

Computational models and methods

Geometry optimization and electronic structure calculations
have been performed by using SIESTA.71,72 SIESTA is an effi-
cient DFT package, which implements improved Troullier–
Martins pseudopotentials for describing the atomic cores and
a finite-range numerical orbital basis set to expand the wave
functions of the valence electrons.73 We construct a double zeta
plus polarization (DZP) basis set for all the elements including
H, C, N, and O. The exchange–correlation functional is treated
at the level of the generalized gradient approximation (GGA)
within the Perdew–Burke–Ernzerhof (PBE) formulation.74 A
conjugate gradient scheme is applied for geometry relaxation
until the residual forces acting on the atoms are less than
0.02 eV Å�1. The vibrational and thermodynamic stabilities of
the junctions constructed with SWCNT electrodes are verified
by computing the phonon spectrum and performing molecular
dynamics simulations (see Sections S1 and S2, ESI†).

The electronic transport properties of single-molecule junc-
tions have been investigated by using the SMEAGOL code, which
is a practical implementation of the NEGF+DFT approach
employing SIESTA as the DFT platform.75 The same pseudopo-
tentials, basis set and GGA functional are used for both geometry
relaxation and transport. The unit cell of the extended molecule
consists of a central anthracene molecule, oxazine anchors, and

two graphene or SWCNT electrodes with an armchair edge
passivated with hydrogen atoms. Here, the transport is assumed
to be along the z-axis and we always consider periodic boundary
conditions in the plane transverse to transport. In order to model
two-dimensional graphene electrodes, the distance between the
neighboring graphene sheets is set to be 15 Å. The total
transmission function T(E) of the junctions is evaluated as

TðEÞ ¼ 1

O1DBZ

ð
1DBZ

Tð~k;EÞd~k (1)

where O1DBZ is the area of the one-dimensional Brillouin zone
(1DBZ) orthogonal to the transport direction. The k-dependent
transmission coefficient T(

-

k, E) is obtained as

T(
-

k, E) = Tr[GLGr
MGRGa

M] (2)

where Gr
M is the retarded Green’s function matrix of the extended

molecule and GL (GR) represents the broadening function matrix
describing the interaction of the extended molecule with the left-
hand (right-hand) side electrode. The 1DBZ is sampled by 200 k-
points to obtain smooth transmission curves. In contrast, for
molecular junctions with quasi-one-dimensional armchair
SWCNT electrodes, a k-point grid of 1 � 1 � 1 is chosen with a
large vacuum region surrounding the junctions.

Geometry optimization of the minima and transition states,
vibrational frequency and intrinsic reaction coordinate (IRC)
calculations have been carried out using the Gaussian16 DFT
package.76–78 All DFT calculations are performed with the PBE
density functional and the 6-311+G(d,p) basis set for H, C, N and
O atoms. Harmonic frequency analysis confirms the stationary
points as local minima (reactants and products) or first-order
saddle points (transition states) and extracts zero-point vibra-
tional energy (ZPE) corrections. IRC calculations are performed
to verify that the reactant and the product are connected along
the reaction pathway through the transition state.79,80

Results and discussion

First, we construct a graphene-M1-graphene junction in which
an anthracene molecule is sandwiched between two semi-
infinite armchair-terminated graphene electrodes via oxazine
anchoring groups. In order to find the equilibrium structure,
we systematically vary the separation between the two graphene
electrodes and optimize the positions of the anthracene mole-
cule, the two oxazine groups and the atoms at the electrode
edges until the total energy reaches a local minimum. The
equilibrium transmission spectrum of graphene-M1-graphene
(red line) is plotted in Fig. 1a, together with the conducting
eigenchannels81,82 for selected transmission peaks around the
Fermi level (EF). Clearly, these eigenchannels are not localized
on the anthracene molecule but are delocalized along the entire
central molecular backbone including the two oxazine anchors.
Hence, here we consider M1 (Chart 1b) as the central molecule
in the junction rather than anthracene. Combined with the
inspection of the frontier molecular orbitals (FMOs) of M1 (see
Fig. S6 in ESI†), it is confirmed that the transmission peaks
centered at �0.50 eV and 1.51 eV originate from the M1 HOMO
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and LUMO, respectively. The HOMO-dominated peak decays
rapidly toward EF and the LUMO-dominated peak lies far away
from EF, both making minor contributions to the low-bias
conductance of the graphene-M1-graphene junction. Then, we
remove the two hydrogen atoms bonded to the nitrogen atoms
and re-optimize the atomic structure of the junction, while
keeping the electrode-to-electrode separation unchanged. Thus,
we obtain a dehydrogenated junction labelled as graphene-
M1dH-graphene. It is found that, upon dehydrogenation, the
atomic structure of the junction undergoes minor changes;
more specifically, all bond lengths vary by no more than
0.03 Å, even those at the molecule–electrode interfaces. A
detailed comparison is shown in Fig. S7 (ESI†). The equilibrium
transmission spectrum of the graphene-M1dH-graphene junc-
tion is also plotted in Fig. 1a with a blue line. The vertical axes of
these transmission spectra are also set to a logarithmic scale in
Fig. S8 (ESI†), highlighting their different transmission proper-
ties in the vicinity of the Fermi level. The M1dH HOMO- and
LUMO-dominated transmission peaks now centered at �0.20
and 0.10 eV, respectively, both lie closer to EF and would
definitely yield a considerable low-bias junction conductance.
For example, the conductance of the graphene-M1dH-graphene
junction is calculated to be 2.8 � 10�2 G0 at a bias voltage of
0.1 V, which is much greater than that (1.5 � 10�4 G0) of the
graphene-M1-graphene junction at the same bias. Thus, dehy-
drogenation of oxazine anchoring groups results in a remark-
able conductance enhancement.

It is intriguing to observe that the closer to the Fermi level a
state is, the lower the height of the transmission peak in Fig. 1a.
This can be ascribed to the gradually decreasing density of
states (DOS) of the pristine graphene electrode as the electron

energy approaches the Fermi level.70,83 In order to decipher the
effect of the electronic structure of graphene on the low
transmission phenomena around EF, we replace the pristine
graphene electrodes with (5,5) armchair SWCNT, which is a
typical quasi-one-dimensional metal with a constant DOS
around EF. The new molecular junctions are named SWCNT-
M1-SWCNT and SWCNT-M1dH-SWCNT and the corresponding
transmission spectra are displayed in Fig. 1b. As can be seen,
when compared to those of the aforementioned junctions with
graphene electrodes, the HOMO- and LUMO-dominated trans-
mission peaks are enormously enhanced in SWCNT-M1-
SWCNT and SWCNT-M1dH-SWCNT, while their energy loca-
tions undergo limited changes. Consequently, the transmission
coefficient for SWCNT-M1-SWCNT is less than 0.01 from �0.3
to 1.0 eV, representing a steady ‘‘OFF’’ state of the switch at low
bias voltages. In contrast, the transmission coefficient for
SWCNT-M1dH-SWCNT is very high (40.60) over a broad energy
window around EF, roughly going from �0.4 to 0.2 eV. This can
be used as an ‘‘ON’’ state of the switch.

Another possibility to enhance the low-bias conductance of
graphene-M1dH-graphene is to replace the pristine graphene
electrodes with nitrogen-doped (N-doped) ones, in which the
Dirac point is shifted below EF and the DOS around EF increases
markedly due to the additional p-electrons brought by the
nitrogen dopants.70,83,84 Importantly, a remarkable conduc-
tance switching effect is also observed in this type of junction.
In fact, after substituting one carbon atom with nitrogen in a
rectangular unit cell of graphene containing 40 atoms, as
shown in Fig. S9 (ESI†), the transmission spectrum of the
junction after dehydrogenation towers over that of the junction
before dehydrogenation in a broad energy range around EF.

Fig. 1 The optimized atomic structures and the corresponding transmission spectra of graphene-M1-graphene (red line) and graphene-M1dH-graphene
(blue line) in (a), and of SWCNT-M1-SWCNT (red line) and SWCNT-M1dH-SWCNT (blue line) in (b), together with the band structure and DOS of graphene
in (a) and those of the (5,5) SWCNT in (b). The insets show the conducting eigenchannels for selected transmission peaks around EF.
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Overall, our calculations demonstrate that the dehydrogenation
of oxazine anchoring groups triggers the molecular junctions
with different types of carbon electrodes to switch from an
‘‘OFF’’ to an ‘‘ON’’ state along with minor alterations of the
junction geometry.

We now move to unveil the origin of this dramatic conduc-
tance switching effect. It is well known that the conductance of
a single-molecule junction is determined by two fundamental
factors: first, the alignment of the FMOs relative to the Fermi
level of the electrodes and, second, the electronic coupling
between the FMOs and the electrode continuum of states.85,86

Coarsely speaking, the former dictates the energy locations of
transmission peaks relative to the electrode Fermi level and the
latter influences the width and height of the transmission
peaks. Evidently, the conductance switching effect along with
the dehydrogenation of oxazine anchors is mainly dictated by
the first factor. As shown in Fig. 2a, we compare the energy
levels of the isolated molecules M1 (red thin lines) and M1dH

(blue thin lines), together with the energy centers of the
corresponding transmission peaks of the SWCNT-M1-SWCNT
(red thick lines) and SWCNT-M1dH-SWCNT (blue thick lines)
junctions. It should be noted that the vacuum level is taken as
the energy origin for the molecular orbitals of the isolated
molecules, whereas in the junctions the Fermi level is set to
zero. The M1 HOMO�1, HOMO, and LUMO lie at �3.26, �2.86
and�0.92 eV, respectively, with a HOMO–LUMO gap of 1.94 eV.
Upon dehydrogenation, the M1 HOMO becomes unoccupied
and the new HOMO and LUMO of the dehydrogenated mole-
cule M1dH (a singlet biradical) lie at �3.22 and �2.85 eV,
respectively. That is to say, in the case of isolated molecules,
the HOMO–LUMO gap is drastically reduced from 1.94 eV to

0.37 eV due to the dehydrogenation of the oxazine rings. Further-
more, when coupling to the state continuum of the carbon
electrodes, the molecular levels further shift by the interaction
between the central molecule and the two electrodes. This often
occurs with charge transfer at the molecule–electrode interfaces,
equalizing the chemical potential across the entire junction.
Importantly, this charge-transfer process critically depends on
the chemical identity of the anchoring groups. According to the
Mulliken population analysis, we find that the central molecule
(indicated by the shaded oval in Fig. 2b) is slightly positively
charged (+0.03 e) in the SWCNT-M1-SWCNT junction but moder-
ately negatively charged (�0.36 e) in the SWCNT-M1dH-SWCNT
one. This suggests that the anchors are turned from electron
donors to electron acceptors upon dehydrogenation, leading to a
net electron transfer of about 0.4 e from the electrodes to the
central molecule. In order to visually comprehend the charge
rearrangement induced by dehydrogenation, we investigate the
xy-plane averaged charge density difference dr between SWCNT-
M1-SWCNT (r0) and SWCNT-M1dH-SWCNT (rdH), namely

dr(z) = rdH(z) � r0(z) (3)

Note that electron transport occurs by convention along the z-
axis. As shown in Fig. 2b, charge transfer primarily occurs at the
electrode–molecule interfaces; the dips in the electrode region
and the peaks in the central molecule region (especially the
oxazine rings) reflect electron transfer from the electrodes to
the central molecule upon dehydrogenation. On the one hand,
the enhanced fraction of electrons in the central molecule
partially occupies the M1dH LUMO, thus making the LUMO-
dominated transmission peak of the SWCNT-M1dH-SWCNT

Fig. 2 (a) Molecular energy levels of the isolated M1 (red thin lines) and M1dH (blue thin lines) molecules, and the energy centers of the corresponding
transmission peaks in the SWCNT-M1-SWCNT (red thick lines) and SWCNT-M1dH-SWCNT (blue thick lines) junctions. (b) The xy-plane averaged charge
density difference dr(z) between the SWCNT-M1-SWCNT and SWCNT-M1dH-SWCNT junctions.
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junction hit the Fermi level. On the other hand, the accumulation
of electrons promotes electrostatic repulsion in the central
molecule and pushes the HOMO. Hence, the energy separation,
eHOMO–LUMO, between the HOMO-dominated peak (centered at
�0.19 eV) and the LUMO-dominated one (centered at 0.07 eV) of
SWCNT-M1dH-SWCNT is only 0.26 eV. This gap is narrower than
the HOMO–LUMO gap (0.37 eV) of the isolated M1dH molecule.
As a comparison, eHOMO–LUMO of SWCNT-M1-SWCNT is 1.95 eV, a
value nearly identical to the M1 HOMO–LUMO gap (1.94 eV). All
in all, the dehydrogenation of the oxazine rings not only reduces
the HOMO–LUMO gap of the isolated molecules but also intro-
duces electron transfer from the electrodes to the central mole-
cule in the junctions, both making the HOMO- and LUMO-
dominated transmission peaks approach the Fermi level and
hence switching the junction from an ‘‘OFF’’ to an ‘‘ON’’ state.

It should be noted that the conductance switching property
of the oxazine anchoring groups is robust, to a certain extent,
with respect to variations of both the electrodes and the central
molecular backbone. Not only the curvature of the SWCNT
electrodes (see Fig. S10a in the ESI†) but also the symmetry of
the oxazine linkers on both sides of the junction (see Fig. S10b
in the ESI†) have limited influence on the transport especially
around EF. As shown in Fig. S11 (ESI†), the central benzene ring
in M1 is substituted with an electron-donating group (oxhydryl)
or an electron-withdrawing group (cyano), and the corres-
ponding transport spectra suggest that the switching effect is
immune to moderate structural modifications caused by
chemical functionalization. Furthermore, when the molecular
backbone is altered from an anthracene molecule to a benzene
or hexacene (see Fig. S12 in the ESI†), the impressive promotion
of the low-bias junction conductance upon dehydrogenation has

always been observed although the transport spectra undergo
great changes. Previous studies have shown that oxazine deriva-
tives can convert between the two states with and without
dehydrogenation under certain experimental conditions.56–59

Hence, we believe that 1,4-oxazine has the potential to function
as a promising switch unit to construct single-molecule switches
by linking suitable conjugated molecules to carbon electrodes.

Based on the above findings, we next propose a molecular
switch employing an intramolecular proton transfer reaction
mechanism. As sketched in Chart 1c, we consider a molecule
(denoted by M23) which has two dehydrogenated oxazine rings
at both sides as well as a triazetidine moiety that substitutes on
the central benzene. The molecule M23 with a singlet biradical
character has two stable tautomeric forms M21 and M22, which
can interconvert into each other through intramolecular proton
transfer between the oxazine and triazetidine moieties. M21,
M22 and M23 are sandwiched between two semi-infinite (5,5)
SWCNT electrodes and the electronic transport properties of
the corresponding junctions, namely, SWCNT-M21-SWCNT,
SWCNT-M22-SWCNT and SWCNT-M23-SWCNT, have been
investigated. From Fig. 3b, one can see clearly that the three
tautomers deliver extremely different zero-bias transport prop-
erties and for each junction there are two prominent transmis-
sion peaks in the energy interval [�0.8 eV, +0.8 eV]. Combined
with the inspection of the FMOs of the isolated molecules M21-
M23 (see Fig. S13 in the ESI†), we confirm that the transmission
peaks below and above EF can be respectively assigned to the
HOMO and LUMO of the corresponding central molecule.
Importantly, there is a clear trend, namely along with the
dehydrogenation of oxazine anchoring groups (in other words,
the intramolecular proton transfer from oxazine to triazetidine

Fig. 3 The optimized atomic structures (a), the equilibrium transmission spectra (b), and the current–voltage characteristics (c) of the SWCNT-M21-
SWCNT, SWCNT-M22-SWCNT, and SWCNT-M23-SWCNT junctions.
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moieties), the HOMO- and LUMO-dominated transmission
peaks gradually approach EF and result in an increasing trans-
mission coefficient at EF. More in detail, the HOMO- and
LUMO-dominated transmission peaks of SWCNT-M21-SWCNT
are located at �0.60 and 0.68 eV, respectively, leading to a
transmission coefficient at EF as small as 9.5 � 10�4. In
contrast, the HOMO- and LUMO-dominated transmission
peaks of SWCNT-M22-SWCNT (SWCNT-M23-SWCNT) are cen-
tered at �0.35 eV (�0.025 eV) and 0.23 eV (0.025 eV), respec-
tively, leading to an enhanced transmission coefficient of 1.1 �
10�2 (8.2 � 10�1) at EF, which is roughly one (three) order(s) of
magnitude larger than that of SWCNT-M21-SWCNT. Fig. 3c
depicts the current–voltage (I–V) characteristics of these three
junctions, which are calculated at finite bias voltages up to
�0.5 V with an interval of 0.1 V. These I–V curves show that
SWCNT-M22-SWCNT and SWCNT-M23-SWCNT are more con-
ducting than SWCNT-M21-SWCNT in the entire applied-voltage
range. Note that the electrode-to-electrode separations are held
unchanged during the proton transfer process and, in this
sense, these three junctions can be regarded as three states of
a switch: SWCNT-M21-SWCNT is the ‘‘OFF’’ state, while
SWCNT-M22-SWCNT and SWCNT-M23-SWCNT realize two pos-
sible ‘‘ON’’ states. The maximum ON/OFF current ratio between
SWCNT-M23-SWCNT (SWCNT-M22-SWCNT) and SWCNT-M21-
SWCNT is B1.5 � 103 (B40), found at a bias voltage of 0.1 V
(0.4 V). The average values over the voltage range from �0.5 to
0.5 V are approximately 800 and 30 for the SWCNT-M23-SWCNT
and SWCNT-M22-SWCNT junctions, respectively.

The HOMO–LUMO gaps of M21, M22, and M23 are respec-
tively calculated to be 1.21, 0.54, and 0.07 eV, that is, the
intramolecular proton transfer drastically reduces the
HOMO–LUMO gap of the isolated molecules, analogous to
the variation observed between M1 and M1dH (see Fig. S14 in
the ESI†). According to Mulliken population analysis of these
single-molecule junctions, intramolecular proton transfer
induces remarkable electron reorganization inside the central
molecule, mainly between the oxazine and triazetidine moi-
eties. Specifically, the triazetidine moiety is negatively charged
(�0.14 e) in SWCNT-M21-SWCNT but positively charged (+0.23 e)
in SWCNT-M22 (M23)-SWCNT. However, the charge transfer
between the central molecule and the two SWCNT electrodes is
small: the central molecule is slightly positively charged (+0.07 e)
in SWCNT-M21-SWCNT as well as in SWCNT-M22-SWCNT but
slightly negatively charged (�0.06 e) in SWCNT-M23-SWCNT.
Roughly speaking, although the dehydrogenation converts the
oxazine anchoring groups from an electron donor to an electron
acceptor, the ensuing charge rearrangement at the molecule–
electrode interfaces is moderate, a fact that has a limited
influence on the alignment of the FMOs relative to the Fermi
level. As a result, the energy separations between the HOMO- and
LUMO-dominated transmission peaks of the SWCNT-M21-
SWCNT, SWCNT-M22-SWCNT, and SWCNT-M23-SWCNT junc-
tions are 1.28, 0.58, and 0.05 eV, respectively, comparable to the
HOMO–LUMO gap of the corresponding isolated molecules.
Hence, the low-bias conductance enhancement here is mainly
attributed to the decreased HOMO–LUMO gaps.

Having established that the designed molecular junction
could support three stable conformational forms with robust
differences in the low-bias conductance, a possible reversible
mechanism among these ON and OFF states is outlined in what
follows. This is achieved by controlling the intramolecular
proton transfer process via an external electrostatic field as in
a field-effect transistor configuration. To this end, we have
performed the intrinsic reaction coordinate (IRC) calculations
of the proton transfer process at the level of isolated molecules.
The black lines in Fig. 4 and Fig. S15 (ESI†) depict the energy
pathways for proton transfer without an external field. It is
found that M21 is the most stable structure among these three
tautomers, with M22 and M23 respectively lying 0.63 and
1.22 eV above M21. The calculated energy barriers from M21
to M22 and from M22 to M23 are 0.80 and 1.08 eV, respectively.
Nevertheless, an external electrostatic field (marked with a black
arrow in the inset of Fig. 4) applied in the plane of the molecule
and perpendicular to its longitudinal axis could lower the
energy barrier height for the proton transfer process. In parti-
cular, upon applying an electric field of about 1.1 V Å�1, the
barrier for the M21-to-M22 transformation is reduced to 0.30 eV
and now M22 is more stable than M21. An inversion of the
relative stability under an external electric field is also obtained
for M22 and M23 (see Fig. S15 in the ESI†). These calculations
suggest that without an external gate field, the single-molecule
switch tends to work in the SWCNT-M21-SWCNT form; in other
words, at the ‘‘OFF’’ state. However, an external electrostatic
gate field could trigger the switch to the ‘‘ON’’ state working in
the SWCNT-M22 (M23)-SWCNT form. Although the calculated
field strength needed for the stabilization of the ‘‘ON’’ states is
rather high for direct experimental realization, appropriate
chemical modifications of the central molecule may facilitate
a more accessible interconversion at much reduced field
strengths. Here, we simply provide a proof of concept that
conductance control using an external electrostatic field is
feasible for oxazine-anchored molecular junctions.

Fig. 4 Energy along the intrinsic reaction path from M21 to M22 in the gas
phase. The electric field vector is indicated by a black arrow in the inset.
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Conclusions

In summary, by employing the NEGF+DFT approach, we have
investigated the electronic transport properties of molecular
junctions in which an anthracene molecule is connected to
graphene and SWCNT electrodes via oxazine anchors. Our
calculations show that the dehydrogenation of oxazine anchors
triggers the transition of the investigated molecular junctions
from an ‘‘OFF’’ to an ‘‘ON’’ state along with minor alterations of
the junction geometry. The dehydrogenation of oxazine rings
not only reduces the HOMO–LUMO gap of the isolated mole-
cule, but also introduces electron transfer from the electrodes
to the central molecule in the junctions. This causes both the
HOMO- and LUMO-dominated transmission peaks to approach
the Fermi level. Furthermore, a molecule with two oxazine rings
and a triazetidine moiety, which enables three stable tauto-
meric forms through intramolecular proton transfer, has been
investigated. By sandwiching it between two (5,5) armchair
SWCNT electrodes, these tautomers exhibit profoundly differ-
ent low-bias conductances and the maximum ON/OFF current
ratio is as high as 1.5 � 103. By applying an external electro-
static field, the relative stability of the tautomers, as well as the
energy barrier for their interconversion, can be effectively
controlled. Our findings demonstrate that 1,4-oxazine serves
as a promising switch kernel when linking appropriate con-
jugated molecules to carbon electrodes. This provides a new
perspective for the design and construction of single-molecule
switches relying on the anchoring groups and not on the
specific molecular backbones.
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